ABSTRACT. Mussel hemocytes accumulate rhodamine B within their lysosomal compartment. This intracellular retention, detected and quantified by computerised confocal microscopy, is enhanced by the presence of verapamil. Study of 2 different populations showed alteration in rhodamine B retention and simultaneous differential expression levels of proteins immunorelated to the multidrug resistance (MDR) transporter in relation to their environment. Chronic exposure of animals to the Vinca antitumor alkaloid vincristine causes the hemocytes to accumulate less rhodamine B, to be more sensitive to verapamil and to express more MDR-related proteins. These data add consistency to prevlous results on multixenobiotic resistance in mussels.
INTRODUCTION
Cells exhibiting the multidrug resistance (MDR) phenotype generally show the following properties: (1) over-expression of the MDR gene product, a membrane glycoprotein of molecular weight approximately 170 kDa (Juliano & Ling 1976) ; (2) decreased intracellular drug accumulation due to both an active outward transport of broad specificity and decreased intracellular influx (Gottesman & Pastan 1993) ; and (3) lack of responsiveness to a collection of natural and synthetic toxic compounds that includes antitumor alkaloids isolated from Vinca rosea, anthracyclines and rhodamine 123 (Tapeiro et al. 1984 , Riordan & Ling 1985 . This resistance can be circumvented, to a variable extent, by inhibitors such as verapamil, calmodulin inhibitors or drug analogues (Cornwell et al. 1987 , Hamada et al. 1987 .
Several studies have shown that this phenotype, or part of it, is not restricted to mammalian multidrug 'Present address: Laboratoire d'Ecotoxicologie. Faculte des Sciences, 25. rue Philippe Lebon, BP 540, F-76058 Le Havre Cedex, France. E-mail: minier@fst.univ-lehavre.fr resistant cells but is part of a highly conserved system with possibly different in~plications among the whole living world. Indeed, genes from bacteria, plants, yeast, invertebrates and non-mammalian vertebrates have been found to share a high degree of identity with the mammalian MDR genes, thus constituting the ABC (ATP-binding cassette) superfamily (Ames et al. 1990 , Higgins 1992 . As for marine invertebrates, a 300 bp long fragment from the marine worm Urechis caupo has been recently sequenced and identified as a member of the MDR gene family (Toorney 1995) . Other work has also shown evidence for the expression of one or several immunorelated membrane proteins in U. caupo (Toomey & Epel 1993) , in the mussels Mytilus edulis, M. galloprovincialis and M. californianus and the oyster Crassostrea gigas (Minier et al. 1993 , Galgani et al. 1995 , in the clam Corbicula flurninea (Waldmann et al. 1995) , in the marine snail Monodonta turbinata (Kurelec et al. 1995) and in the sponges Geodia cydonium and Verongia aerophoba . Furthermore, decreased accumulation of fluorescent or radioactive MDR dyes such as rhodamine B and 3H-vincristine has been measured and shown to be verapamil sensitive (Kurelec 1992 , Toomey & Epel 1993 (Toomey & Epel 1993) . All of these data indicate that several marine organisms possess a molecular system similar to the one responsible for the multidrug resistance of mammal cells. The third characteristic of MDR cells, i.e. tolerance to toxic compounds, has therefore been proposed as a protective function for this mechanism. As this mechanism would be expressed in response to environmental xenobi-10 mM CaC12) with or without the Vinca alkaloid vinotics, it has been termed multixenobiotic resistance cristine (Sigma) were carried out into the posterior (MXR). This idea is supported by the observation that adductor muscle using a syringe. The first injection the cited organisms can grow and reproduce in polwas of 1 pg ml-' and subsequent ones were of 100 or luted areas. Field studies have also shown differential 200 pg ml-l. This, assuming that the mussels used had expression levels of the C219 detected protein among roughly 2 m1 of blood, gave a final vlncristine concensites of differential pollution levels (Minier et al. 1993 ).
tration of 5 or 10 pg ml-' in the mussels and correIn addition, pesticides, sea water and sediment exsponds to the doses used to overexpress the MDR phetracts can competitively inhibit the decreased accumunotype in mammalian cell lines (Meyers et a1 1985) . lation of rhodamine B or vincristine and their binding Different times between treatments (2 or 3 d) and total of cells expressing these MDR-like characteristics duration (7 to 28 d) were used in order to study time (Kurelec 1992 , Toomey & Epel 1993 . Finally, exposure course and putative cumulative effects of exposures. to polluted water and diesel oil has been reported to These procedures are reported in Table 1 . increase the expression of the MXR characteristics of Fluorescence imaging of cells. Hemocytes were the marine snail M. turbinata (Kurelec et al. 1995) .
withdrawn from the posterior adductor muscle of musThe aim of this work was to investigate the effects of sels using a hypodermic syringe into a physiological a well known MDR inducer, namely the Vinca alkaloid saline solution as described by Lowe et al. (1995) at vincnstine (Meyers et al. 1985) , on the blue mussel least 48 h after the last injection of vincristine. Cells Mytilus edulis. The MXR mechanism and its cellular were then dispatched into siliconised microcentrifuge implications were studied by assessment of rhodamine tubes, and rhodamine B (400 pM solution) was added B accumulation/exclusion using confocal microscopy to provide a final 4 pM rhodamine B incubation and immunochemical measurements of MDR-like promedium either containing or not containing an additein expression. tlonal20 pM of verapamil. The cells were incubated for 45 min in 4 pM rhodamine B in the dark at 15°C and then transferred, onto microscope slldes using a MATERIALS AND METHODS cytospin cen.trifu.ge (8 min at 600 rpm). Images of the cells were finally taken with a laserscan confocal Animals. Specimens of the blue mussel 1Vyti1u.s microscope (Sarastro, Molecular Dynamics) with setedulis (shell length 4 to 5 cm) were sampled from the tings as follows: laser line, 488 nm; barrier filter, southern coast of Cornwall (England) at Whitsand Bay 530 nm; laser strength, 10 mW; detector settings, from December 1994 to August 1995 and at the Lynher 1000 V. Single cell fluorescence of the probe within at estuary in May 1995. The mussels were then mainleast 30 cells was measured by a computerised image tained in 10 l filtered sea water at 14°C.
analysis system (Silicon Graphics, Reading, UK) Mussels from the Lynher estuary accumulate on averImmunochemical studies. Mussel blood cells and gill age 4 pg g -' wet weight of 2 and 3 ring polycyclic hytissues and bovine liver (collected in a nearby slaughdrocarbons, whereas mussels from Whitsand Bay contain terhouse) were sonicated twice for 5 and 15 S respec-0.4 pg g ' wet weight of these compounds (Readman et tively at 20 kHz in 10 mM Tris/HCl, 0.5 M sucrose, al. 1982 , Widdows et al. 1995 . 0.15 mM KCl, 40 pg ml-' aprotinin, pH 7.6 using the Exposure experiments. Repeated injections of a MSE 150 W ultrasonic disintegrator (Fisons, Crawley, 100 p1 mussel physiological saline solution (20 mM UK) and centrifuged for l 0 min at 6000 X g. Supernatant Hepes, 436 mM NaC1, 53 mM MgS04, 10 mM KC1, protein content was determined using the Lowry pro-Flg. 1. Mytilus edulis. Staining pattern of blood cells from mussels l~v~n g at Whitsand Bay (UK). Cells were incubated for 45 mln in phys~olog~cal m e d~u m contain~ng 4 pM rhodamine B elther ( A ) without or (B) with 20 pM verapamil. Scale bar = 10 pm tein assay (Lowry et al. 1951 ) with bovine serum albumin (BSA, Sigma) as standard. Gel electrophoresis of protein extracts, diluted in an equal volume of 150 mM Tris, pH 6.8, 4 % SDS (sodium dodecyl sulphate) (w/v), 20% glycerol (w/v), 10% P-mercaptoethanol (v/v) and 0.02 % bromophenol blue (w/v), was performed in 3 % polyacrylamide (stacking) and 7.5% polyacrylamide gels containing 0.1 % SDS (w/v). Proteins were transferred to nltro-cellulose sheets (Hybond-C, Amersham) for 60 min at 25 V using the Horizblot system (Genetic Research Instruments Ltd, Dunmow, UK). Membranes were immersed in a Tris-buffered saline solution (TBS: 10 mM Tris-HC1, 150 mM NaC1, pH 7.4) containing 2 ' % BSA (w/v) and 0.2% Tween 20 (w/v) for 1 h at room temperature, then for 2 h in TBS-Tween 20 with 1 pg pl-' monoclonal anti-MDR antibody C219 (Centocor Diagnostics, Malvern, PA, USA) on a rocking platform. The blots were washed twice for 15 min in TBS-Tween and incubated with the second antibody solution (alkaline phosphatase-conjugated anti-mouse antibody, Sigma, diluted 2000-fold) for 60 min. Sheets were washed 3 times with TBS-Tween and finally with 100 mM Tris-HC1, 100 mM NaCl, 5 mM MgC12, pH 9.5 (reaction buffer) for 10 min. Alkaline phosphatase labelled blots were developed by incubating them with 1.25 mg ml-' of 5-bromo, 4-chloro, 3-indolyl phosphate (BCIP, Sigma) and 2.5 mg ml-' Nitro-Blue Tetrazolium (NBT, Sigma) in the reaction buffer. Semi-quantification of the staining results was performed by an image analysis system (Kontron, Thame, UK).
Statistical analysis of data. A set of 4 to 8 images (depending on cell number appearing on each image, the total of which had to be sufficient for statistical analysis) was taken at random and stored in the Silicon Graphics computer. From these images, fluorescence of at least 30 cells was measured per hemolymph sample. Student's t-test for non-paired observations was used for comparisons between groups from different sample sites. Effects of treatments with vincristine were tested with a l-way test with repetition of the experiment (ANOVA).
RESULTS

Cellular fluorescence imaging
Incubation of mussel blood cells in a physiologic medium containing 4 pM rhodamine B for 45 min enabled the probe to cross the cellular membranes and to accumulate within the cell (Fig. 1 ). This pattern of fluorescence corresponds to the lysosomal compartment as indicated by comparison with neutral red distribution and thus shows how rich these cells are in lysosomes. Each cell contained approximately 50 to 300 fluorescent vesicles.
The lysosomes of untreated healthy cells localised at the centre of the cell appeared to be ellipsoidal and to be arranged in a radiantfashion from a point located at the centre of the cell next to the nucleus. Incubation of the cells in the Dresence of 20 uM vera~amil increased the size of the lysosomes (Fig. 1B) and induced them to adopt a more circular shape.
Rhodamine B exclusion activity Rhodamine B accumulation within blood cells can be assessed by its fluorescence intensity. Blood cells drawn from 2 populations of mussels living in different areas showed differential accumulation rates within their lysosomes. The fluorescence intensity of cells from mussels sampled at the Lynher estuary was 29% lower than that of the cells from Whitsand Bay (Fig. 2) Whitsand Bay Lyhner estuary after incubation for 45 min in 4 PM rhodarnine B. Addi- To test whether a n impaired dye accumulation could be induced by exposing the animals to toxic com-(n = 7) (Fig. 3) . Nevertheless, it was noted that verapounds, repeated injections of the Vinca alkaloid vinpamil did not always restore the rhodamine concentracristine were performed within the adductor muscle of tion to the level of the control cells mussels from Whitsand Bay. Several similar experiAnalysis of the relation between the total dose ments were conducted with variations in duration and injected in mussels during the treatments and the rhoinjected doses. Details of the exposure experiments are damine exclusion activity gave a non-significant linear given in Table 1. correlation coefficient (r = 0.68, p = 0.14). Nevertheless Blood cells were withdrawn from the mussels 2 d after the last injection and stained with rhodamine B, with or without verapamil. Results shown in Table 2 indicate that vincristine enhanced the ability of the treated cells to lower their dye retention within their lysosomes. This dye exclusion activity reduced the fluorescence by up to half the control value.
Enhanced dye exclusion was altered by the presence of the MDR inhibitor verapamil.
Indeed, control cells accumulated 10 % more dye (on average) when incubated with verapamil. This phenomon was enhanced in treated cells: the more dye exclusion activity the cells showed,
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Exclusion activity (%I) the sensitive 'eraparnil they were. A lin- (Fig. 4) .
their 'sensitive' counterparts (Neyfakh 1988) . However, In addition, Fig. 5 shows that exposure to vincristine few other dyes have been used as much a s rhodamine, had a lasting effect on the rhodamine exclusion propmainly because of its strong fluorescence and evidence erties of the blood cells. This capacity remained stable of its sensitivity to verapamil in resistant cells. Consefor at least 10 d after the end of the treatment. Hence, quently it is considered as 'a tool giving good prelimino reversion of the induction was seen within that nary evidence of the occurrence of the MDR phenotime.
type' (Gottesman & Pastan 1993) . In this study w e used rhodamine B to stain mussel blood cells. Unlike rhodamine 123 which is reported to accumulate in Expression of MXR protein mitochondria in mammalian cells (Johnson et al. 1980 , Modica-Napolitano & Aprille 1987), the unesterified Decreased accumulation of toxic con~pounds within rhodamine B is not specific for this organelle (Johnson the cell is one of the characteristics of multixenobiotic et al. 1981). On the contrary, the pattern of localisation resistance. This is mainly due to the activity of a mem-(the same as neutral red) and the size of the subcellular brane protein that can be immunochemi- Fig. 6 . Mytilus edulis. MXR protein expression in mussels.
80 pg of protein extract of gills from mussels living at Whitsand Bay and the Lynher estuary, and (A) 5 pg of extract from control (bovine liver) and (B) 5 pg of protein extract of blood cells from mussels living at Whitsand Ra.y ancl exposed to vlncristine (with doses in pg in brackets) were loaded on a 9 % polyacrylamide gel. Scale rr~presents molecular weight in kDa component indicates thdt, in mussel cells, ihis dye accumulates in the lysosomal compartment. Moreover, incubation of the cells with verapamil, a lysosomotropic agent (Akiyama et al. 1984) , induced. the swelling of the rhodamine-positive organelles that then adopted a more spherical shape. A possible explanation, but not the only one, for this accumulation is the phenomon known as ion-trapping (Peterson 1979) . Indeed rhod a m~n e B exists in water as cationic, zwltterionic and lactonic molecular structure (Elbaraka et al. 1991) . When it enters the acidic environment of the lysosomes, however, it would be converted into membrane impermeable cations that would then accumulate.
Rhodamine B fluorescence measurements have already been used to study the MDR-like or multixenobiotic (MXR) characteristics of mussel cells . In this study measurements of rhodamine accumulation in mussel blood cells show that cells of animals sampled in a polycyclic hydrocarbon-contaminated area (the Lynher estuary) displayed an impaired dye accumulation when compared to the animals coming from a pristine area (Whitsand Bay). This lower intracellular accumulation, as in multidrug resistant cells, is verapamil sensitive, confirming similar observations made on other mussel cell types and species (Kurelec & Pivcevic 1991 , Galgani et al. 1995 . Moreover, this phenotype is associated with a greater amount of MDR-like protein in cells from the Lynher estuary as detected by Western blot analysis using the C219 monoclonal antibody specific for an epitope highly conserved among the family of transport proteins that includes the MDR transporters (Endicott &Ling 1989 , Georges et al. 1990 ).
To test whether this MDR-like phenotype was induced by treatlng the animals with toxic compounds, repeated injections of the Vinca alkalo~d vincristine were performed within the adductor muscle of mussels from Whitsand Bay. Vincristine, apart from being an antimitotic agent that binds to tubulin (Owellen et al. 1972) , IS a known inducer of MDR (Tsuruo et al. 1983 , Meyers et al. 1985 . Results showed that, indeed, impaired drug accumulation and sensitivity to verapamil was increased by toxic exposures and this was in accordance with previous works that showed similar impaired xenobiotic uptake sensitive to verapamil , Galgani et al. 1995 . Linear regression analysis of the ability to reduce rhodamine accumulation versus the total dose injected did not give a significant result (r = 0.68, p = 0.14). In contrast, the same test versus the number of injections did give a significant result (r = 0.86, p = 0.026) This may indicate that vincristine is metabolised or excreted within at least 2 d of the interval between treatments. Indeed, vincristine has been reported to have a half life of about 24 h in human cells (Bender et al. 1977) . In addition to this ability to lower the intracellular concentration of rhodamine, Western blot analysis showed a n enhancement of the MXR protein expression level in treated blood cells and to a lesser extent in gill cells. These results indicate clearly that the MXR phenotype has been induced or at least that chronic exposure to vincristine has selected resistant cells. Finally, this phenotype seems to remain stable for at least 10 d in mussel cells and can be compared to the half life of resistance of cancer cell lines reported to be between 10 and 30 d depending on the growing rate of mammalian cell lines (Meyers et al. 1985) .
The possible induction of MXR in marine animals is of great relevance for marine environmental research. Indeed, it has been proposed that this mechanism could b e the first line of defence against environmental xenobiotics including man-made chemicals (Kurelec 1992 . Reports showing the coinduction of other protective mechanisms such as the cytochrome P450 (Burt & Thorgeirsson 1988 , Pfeil et al. 1994 , glutathione S-transferase (Petrini et al. 1995) and heat-shock proteins (Chin et al. 1990 , Kioka et al. 1992 ) support this hypothesis. Consequently the MXR phenotype has the potential to become a new biomarker of exposure. Among the characteristics of the MXR phenotype, it has been suggested that verapamil sensitivity of the dye accumulation in the gills of exposed mussels could be used (Kurelec et al. 1995) . This author showed that the greater the ability to decrease vincristine uptake by cells, the less verapamil sensitive they are. The inverse correlation was observed in this study. But it can be noted that different systems were used in the 2 studies: blood cells and gills. Pharmacokinetics of the dyes and drugs may differ. Furthermore, similar complexity has also been reported in mammalian cancer cells, although verapamil sensitivity remains one of the hallmarks of the MDR phenotype. For instance, verapamil was reported to fully restore daunomycin accumulation in human carcinoma cells with a wide range of degree of resistance (and consequently to increase drug accumulation accordingly to their degree of resistance) and, yet, to increase colchicine or vincristine accumulation only slightly in all cases (Fojo et al. 1985) . In several studies, verapamil reversed the rhodamine accumulation in resistant cells to, or close to, the level of the their nonresistant counterparts (Altenberg et al. 1995) . But this was not always the case with vincristine accumulation (Barancik e t al. 1995 , Watanabe e t al. 1995 . These differences could be d u e to dissimilar affinities for the membrane-transporter or the involvement of other mechanisms. In the same report on snails, Kurelec et al. (1995) attributed the observed decrease in vincristine dccumulation in snail gills to the simultaneous increase in MXR proteins. However, they also showed that the ability of the cell membranes to bind vincristine is not related to their ability to decrease the intracellular vincristine concentration. The impaired drug uptake is consequently d u e to a non-membrane protein-mediated mechanism. It could then involve decreased membrane permeability or decreased intracellular trapping. Two major consequences can be drawn from these observations: (1) studies on the MXR characteristics, including determination of potential substrates or modulators, are affected by the method used; and (2) the resistance mechanism in marine animals, as in mammals, could b e much more complex than originally thought.
One of the more recent findings in mammal MDR is the finding of a 190 kDa membrane protein responsible for the MDR associated protein phenomenon (MRP) (Cole et al. 1992 , Zaman et al. 1994 ). This protein, like the 170 kDa MDR protein, is also a member of the ABC superfamily and transfection of HeLa cells with an expression vector containing the MRP cDNA results in the acquisition of resistance to various drugs (Grant et al. 1994) . Association between over-expression of the MRP protein, decreased drug acc.umulation and sensitivity to verapamil has been reported in several cell lines (Binaschi et al. 1995 , Eijdems et al. 1995 . The existence of 2 proteins associated with MDR may share some similarities with the MXR proteins of different molecular weight found in mussels. Indeed, Epel and co-workers reported the presence of 2 different proteins of 170 and 220 kDa sharing immunochemical similarities in Mytilus galloprovincialis (Galgani et al. 1995) and only 1 of 170 kDa in M. californianus . Two proteins of 220 a n d 240 kDa were previously reported in M. edulis (Minier e t al. 1993) and in this study we found a major band a t 170 kDa, and 1 or 2 faint ones a t roughly 220 kDa have been seen in other cases (Minier & Moore unpubl. results) . Although the MDR protein mobility in gel systems has been reported to be 'unusually sensitive to the conditions used' (Endicott & Ling 1989) , the possibility that several different proteins could b e responsible for the occurrence of the MXR phenomon is an intriguing hypothesis. 
